We analyze the minimal supersymmetric left-right model with non-renormalizable interactions induced by higher scale physics and study its CP violating properties. We show that it: (i) solves the strong CP problem; (ii) predicts the neutron electric dipole moment well within experimental limits 
Introduction
Quantum Chromodynamics (QCD) is now widely accepted as the theory of strong interactions. The periodic vacuum structure of QCD has however the unpleasant implication that strong interactions violate CP. This CP violating interaction being flavor conserving only manifests itself as a electric dipole moment of the neutron and leads to a value far above the present experimental upper limit unless the associated CP violating coupling (usually labelled asΘ), which is left arbitrary by strong interaction dynamics, is somehow suppressed to the level of 10 −9 . This problem of fine tuning of theΘ parameter in gauge theories is known as the strong CP problem [1] . There are many solutions to the strong CP problem [1] : the most well-known of these is the Peccei-Quinn solution which requires the complete gauge theory of electroweak and strong interactions to respect a global chiral U(1) symmetry. This symmetry must however be spontaneously broken in the process of giving mass to the W-boson and fermions leading to a pseudo-Goldstone boson in the particle spectrum known in the field as the axion. There are two potential problems with this otherwise beautiful proposal: (i) the axion has not been experimentally discovered as yet and the window is closing in on it; and (ii) if non-perturbative gravitational effects induced by black holes and wormholes are important in particle physics as is believed by some [2] , then the axion solution would require fine tuning of the gravitationally induced couplings by some 50 orders of magnitude. This will make the axion theory quite contrived.
A second class of solution that does not lead to any near massless boson is to require the theory to be invariant under discrete symmetries [3, 4] . In our opinion, the most physically motivated of such theories are the ones [3] based on the left-right symmetric theories of weak interactions [5] . These theories are based on the gauge group SU(2) L × SU(2) R × U(1) B−L with quarks and leptons assigned in a left-right symmetric manner.
Such models are also completely quark-lepton symmetric. To see how parity symmetry of the Lagrangian helps to solve the strong CP problem, let us note that the physical QCD induced CP violating phase can be written as
where Θ is the parameter in FF part of the QCD Lagrangian, and M u , M d , are the up and down quark mass matrices respectively. Invariance under parity sets Θ = 0 because FF is odd under parity. Additionally, constraints of left-right symmetry imply that the Yukawa couplings of quarks responsible for the generation of quark masses are hermitean.
If furthermore the vacuum expectation values (VEVs) of the Higgs fields responsible are shown to be real, then this would automatically lead toΘ = 0 at the tree level. If the one loop contributions also preserve the hermiticity of the quark mass matrices, then we have a solution to the strong CP problem. In the nonsupersymmetric left-right models with nontrivial CP violation, it is well known that in general VEVs of the Higgs field are not real. This, in the past led to suggestions that either new discrete symmetries be invoked together with left-right symmetry or new vectorlike fermions be added to the theory [3] .
Such theories also do not suffer from the Planck scale implied fine tunings [6] . It always remained a challenge to solve the strong CP problem only using left-right symmetry since often new additional symmetries invoked are not motivated from any other consideration.
A second CP related problem is connected with the minimal supersymmetric standard model (MSSM), which is currently a subject of intense discussion next level of physics beyond the standard model and is the so called (usual) SUSY CP problem [7] . Namely, in the MSSM the complex phase in the gluino mass is arbitrary, and the one-loop gluino contribution to the neutron electric dipole moment is larger by two or three orders of magnitude than the experimental upper bound.
There have been many proposals in the literature to solve one or both of these problems. For instance, one recent suggestion is to consider a supersymmetric extension of the Peccei-Quinn symmetry [8] which can solve the strong as well as the SUSY CP problems.
Another proposal in the context of grand unified models assumes CP conserving gaugino masses at the GUT scale thereby solving only the SUSY CP problem [9] . Other proposals employ spontaneous breaking of CP symmetry to achieve the same goal [10] . None of the above approaches however address the important issue of R-parity conservation.
Our goal in this paper is to discuss a possible solution to both the strong CP as well as the SUSY CP problem in supersymmetry. The first point to note is that in supersymmetric theories, theΘ receives an additional contribution from the phase of the gluino mass at the tree level [11] :
So any solution to strong CP problem in supersymmetric theories must also require that the phase of the gluino mass must be naturally suppressed. Note that a solution to the SUSY CP problem also requires the suppression of the same phase though to a lesser degree. Clearly therefore a solution to
In two recent letters [12, 13] , it has been pointed out that if supersymmetry is combined with left-right symmetry, the strong CP problem is automatically solved without the need for any extra symmetry. Furthermore, in Ref. [12] , it was pointed out that this model also provides a solution to the SUSY CP problem of MSSM, i.e. it does not lead to large electric dipole moment of the neutron. As a bonus, these models automatically conserve R-parity. In this paper we elaborate on the results of Ref. [12] and present some new ones which show the left-right scale independence of our result. We also discuss the question of possible embedding of left-right symmetry in grand unified theories. 2 Supersymmetric Solution to the Strong CP Problem
Let us recall the arguments of Ref. [12] and see how the supersymmetric left-right model solves the strong CP problem at the scale M R .
The gauge group of the theory is SU(2) L × SU(2) R × U(1) B−L with quarks and leptons transforming as doublets under SU(2) L,R . In Table 1 , we denote the quark, lepton and
Higgs superfields in the theory along with their transformation properties under the gauge group. Note that we have chosen two bidoublet fields to obtain realistic quark masses and mixings (one bidoublet implies a Kobayashi-Maskawa matrix proportional to unity, because supersymmetry forbidsΦ in the superpotential).
The superpotential for this theory is given by (we have suppressed the generation 
where W NR denotes non-renormalizable terms arising from higher scale physics such as grand unified theories or Planck scale effects. At this stage all couplings Y (i) q,l , µ ij , µ ∆ , µ ∆ c , f, f c are complex with µ ij , f and f c being symmetric matrices.
The part of the supersymmetric action that arises from this is given by
The terms that break supersymmetry softly to make the theory realistic can be written as
In Eq. 
Note that this corresponds to the usual definition Q L ↔ Q R , etc. With this definition of L-R symmetry, it is easy to check that
is that the gluino mass is automatically real in this model; as a result, the last term in the equation forΘ above is naturally zero. We now therefore have to investigate only the quark mass matrices in order to guarantee thatΘ vanishes at the tree level.
For this purpose, we note that the Yukawa matrices are hermitean 2 and the mass terms involving Higgs bidoublets in the superpotential are real. If we can show that the vacuum expectation values of the bi-doublets are real, then the tree level value ofΘ will be naturally zero.
As in [12] , for W NR we will use a single operator
2 , in order to be able to have vanishing sneutrino VEVs, as shown in Appendix A. The M could be equal to
The other allowed non-renormalizable operators do not effect our result and could be easily included in our discussion.
In this case we have made a detailed analysis of the Higgs potential and find that, at the minimum of the potential, the < Φ i > are always real. This result is not at all trivial because of large number of VEVs that enter and one might naively think that spontaneous CP violation is possible. However, a recent analysis [14] has shown that a general supersymmetric model with two pairs of Higgs doublets (of which SUSY LR is a special case) cannot break CP spontaneously. We give the application of this calculation to the SUSY LR case in Appendix B. It is now clear that the quark mass matrices are hermitean and thereforeΘ = 0 naturally at the tree level.
In Ref. [12] it was also shown that no strong CP violating phase is generated at 3 Two questions must be answered:
• Does the determinant of the Yukawa matrices stay real below M R ?
• The one-loop contribution of the SU(2) L gaugino is no longer cancelled by the heavy SU(2) R gaugino. Can we avoid this contribution?
As we will show below the answer to both questions is yes.
Above the scale M R the hermiticity property of Yukawa couplings stays intact because L-R symmetry is not broken (see Appendix C). However, running of the Yukawa matrices below M R will necesarily spoil the hermiticity of Yukawa matrices because of breaking of parity (for example the right handed neutrino is excluded in running below M R ). Thus one might naively think that a nontrivialΘ will be generated, and that one must put constraints on M R . However, we will now show that for the simplest case, when the field content below M R is that of the MSSM, namely two higgs doublets, the determinants of the Yukawa matrices stay real.
Let us denote by y i the Yukawa coupling of a Higgs doublet H i (i=1,2). In the MSSM the one-loop running of the Yukawa couplings is of the form [15] :
where T is a matrix in flavor space which is a sum of terms of the form y † j y j , Tr(y † j y j )1, g 2 a 1 (see Appendix C). From (8) one can easily obtain the Jacobi identity for the deter-
However, Tr T is always real, and since the determinant of y i is real at the scale M R , it will be real at any scale below M R . We conclude that although the Yukawa matrices will in general not be hermitean anymore at the lower scale, their determinants will nevertheless stay real.
The VEVs of the higgs doublets in MSSM can always be rotated so that both are real. Thus we conclude thatΘ tree = 0.
Let us consider the one-loop contributions toΘ below M R . Typical diagrams that contribute at scale M R are shown in Figs. 1 and 2 . Since the running Yukawa matrices have a real determinant the diagrams that have at vertices only Yukawa matrices or bidoublet masses (which are real) will not contribute. However, since the right-handed gaugino will decouple below M R , the phase in the diagram involving the mass of the left-gaugino will not cancel. The easiest way to circumvent this problem is to assume that the gaugino masses are real [13] . It is then easy to see that in the one-loop running the left gaugino mass stays real. Indeed, in Section 5 we show that the reality of the SU(2) L,R gaugino masses comes out naturally in an SO (10) can lead to the gluino phase δg which is at most
leading to δg ≤ 10 −8 which is close to the upper limits on theΘ. Similar arguments can be given for the one loop contribution to theQQ c mass matrix to show that their contribution toΘ is around 10 −8 .
It is worth pointing out at this stage that in the above discussion we have assumed that the theory below M R is the MSSM (except of course the fact that the "obnoxious" R-parity violating terms are naturally absent). In Appendix D, we discuss one way of obtaining MSSM in the framework of our model. 
Solution to the SUSY CP Problem
Let us now turn to the discussion of the SUSY CP problem. The main issue here is the potentially large contribution to the electric dipole moment of the neutron at the one-loop level. An analysis of the various aspects of the problem has been reviewed in Ref. [16] . In the standard parameterization of the MSSM interactions at the electroweak scale, the large contributions to d n e comes from two sources: the phases of the (Amg) and (µv u mg/v d ) terms. Another way to state this is to note that the first term originate from the same trilinear scalar susy breaking terms h u,d discussed in the previous section, whereas the second term arises from the F-term contribution extrapolated down to the electroweak scale. We work in a basis where the diagonal block matrices in the squark (q −q c ) mass matrices are diagonalized. We will then be interested in the 11 entry of the gluino one loop contribution to electric dipole moment operator for both the up and the down sector.
First point to note is that in our model, above the M R scale, the hermiticity of h u,d
and Y u,d together with the reality of the gluino mass implies that there is no one-loop contribution to d n e . Garisto [16] has argued that if the above parameters are real at any high energy scale, their contribution to d n e remains small at the electroweak scale. For example, in our case as shown above, the phase of the gluino mass at the scale M Z is of order 10 −8 . As far as the the h u,d and Y u,d terms are concerned, we have not succeeded in showing that once extrapolated down to the M Z scale, the 11 term of the gluino induced dipole moment matrix remains real. However, using the already stated argument above, the hermiticity of the Yukawa matrices above the scale M R implies that that any departure from reality is at most of order
We then expect that the maximum contribution to d n e from them to
where we have assumed that m d ≃ 10 MeV and Mq ≃ 100 GeV. This is safely within the present experimental upper limit. Thus our model provides simultaneously a solution to the SUSY CP problem without the need for any new symmetries.
Let us note that in this paper we do not address the usual SUSY flavor problems with KK mixings, etc., that require a certain degree of fine tuning in the structure of squark and quark matrices, since this is beyond the scope of our paper. Left-right symmetry implies that the Yukawa matrices be hermitean, but the flavor properties such as hierarchy and alignment must come from the underlying flavor theory, and we refer the reader to the existing solutions [17] which may be employed here as well.
SO(10) Embedding and Reality of Weak Gaugino Masses
In this Section, we address the question of embedding the left-right model into an SO (10) theory so that we not only have a grand unified version of our theory but also we guarantee the reality of the gaugino masses
). The reality of the gaugino masses follow from the combination of two things: the requirement of left-right symmetry implies
; on the other hand SO(10) unification implies that the two gauginos being part of the same 45 dimensional representation have equal mass.
The main task for us in this section is to show that there exists a definition of left-right symmetry which preserves the hermiticity of the Yukawa couplings.
To prove the hermiticity of the Yukawa couplings, we will exhibit only the simplest model and not attempt to address the issues such as doublet triplet splitting etc. Let us consider the Higgs fields belonging to 10(denoted by H), 45(denoted A) and 126
(denoted by ∆)(plus∆) representations. The superpotential involving all these fields can be written as:
It is well known that h s , h ′ and f are symmetric matrices whereas h A is an antisymmetric combination since we have projected out the 120 dim. representation from the 10 and 45 product in the h A term. Let us now define that under parity transformation
Here B is the charge conjugation matrix for SO (10) We do not discuss here the unification of gauge couplings in theories with SU(2) L × SU(2) R as intermiediate symmetries, but note that examples of successful scenarios exist which could implement our mechanism [18] .
Conclusion
We have shown that if the minimal supersymmetric extension of the standard model (MSSM) is embedded in the supersymmetric left-right model at higher energies, both the strong and weak CP problems of the MSSM are automatically cured. Adding this to the already known result that the R-parity conservation is restored as an exact symmetry in the SUSYLR model, thereby providing a naturally stable neutralino that can act as the cold dark matter of the universe, makes this embedding quite attractive. The left-right symmetry is then incorporated into an SO (10) grand unified theory where the scale of right handed symmetry breaking may be quite high. We show how the conclusion about the vanishing of the strong CP parameter remains unchanged in this case. 5 This is similar to the L-R definition (6) . This comes because, for example, strictly speaking Q c is not a doublet under SU (2) R , but rather Q ′ c ≡ τ 2 Q c . So the L-R definition (6) in terms of the gauge multiplets would be: Q ↔ τ 2 Q ′ c * . The operator τ 2 plays a similar role as the operator D above in the SO(10) case. 
APPENDIX A: Avoiding Sneutrino VEVs
In this Appendix we will show that if in the minimal SUSY LR model one includes non-renormalizable Planck scale induced terms, the ground state of the theory can be Q em conserving even for <ν c >= 0. For this purpose, let us briefly recall the argument of Ref. [19] . The part of the potential containingl c , ∆ c and∆ c fields only has the form (see Appendix B or [19] )
where
and
Note that if <ν c >= 0 then the vacuum state for which
former is electric charge violating. The only way to have the global minimum conserve electric charge is to have <ν c > = 0. On the other hand, if we have non-renormalizable terms included in the theory, the situation changes: for instance, let us include nonrenormalizable gauge invariant terms of the form (inclusion of other non-renormalizable terms simply enlarges the parameter space where our conclusion holds):
This will change V to the form:
where V 0 and V D are given before and V 1 is given by
For the charge violating minimum above, this term vanishes but the charge conserving minimum receives a nonzero contribution. Note that the sign of λ is arbitrary and therefore, by appropriately choosing sgn(λ) we can make the electric charge conserving vacuum lower than the Q em -violating one. In fact, one can argue that, since we expect
in typical Polonyi type models, the charge conserving minimum occurs for f < 4π
We have assumed that the right handed scale is in the TeV range. The constraint on f of course becomes weaker for larger values of µ ∆ . We wish to note that a possible non-renormalizable term of the form
does induce a complex effective mass for the bidoublets but its magnitude is given by Furthermore, it is also important to point out that since Planck scale effects are not expected to respect any global symmetries, the coupling parameters of the higher dimensional terms in Eq. (16) involving ∆ and ∆ c will be different. This difference will help in the realization of the parity violating minimum as the global minimum of the theory.
We assume the following fields get the VEVs:
where we have rotated away the nonphysical phases.
The VEV of the scalar potential is
where < V D > is the VEV of the D-term
Note that the phases of the bidoublets δ i , i = 2, 3, 4 come in the following terms
Also, powers of the bidoublet VEVs which are higher than two come only in the D-term, and there in one only combination g(v) = v 4 . This is exactly the situation in general four Higgs doublet supersymmetric models with real mass parameters. In
Ref. [14] it was shown, by using a simple geometrical interpretation for the minimum equations for the three phases, that the minimum in such a model is CP conserving.
Thus we conclude that in the SUSY LR model the VEVs of the doublets are real. This conclusion holds for general A Φ ij , which can be different for different i,j.
The phase of the VEV of the triplet β ∆ is in general non-zero (e.g. induced by the phase of the coupling µ ∆ ) but it does not couple to the VEVs of the doublets. Thus it is irrelevant since it does not enter the calculation ofΘ at the tree level or one loop. We see that the equations (30) part from the form of (8) , and it will depend on the structure of the Yukawa matrices how big the phase is.
b) SUSY LR Model
It is easy to generalize the above one-loop runnings for the case of Yukawa couplings in the SUSY LR model with two bidoublets:
We simply take y 1 = y 2 = Y 1 (and similarly for other Yukawas), add the right-handed neutrino and compute the contribution from gauge couplings. Alternatively, we use general formulas [15] . In any case we obtain: 
It is easy to see that the hermiticity of Yukawa couplings is preserved throughout the running in the SU(2) × SU(2) × U(1) B−L phase (i.e. above m R ), as expected 6 . This is in contrast to case a) where below M R running of matrices necessarily spoils hermiticity (both in the MSSM and the 4 Higgs doublet model), because then the LR symmetry is broken.
APPENDIX D: Doublet-Doublet Splitting
In this Appendix, we show how a left-right symmetric theory with two bidoublets above the scale M R reduces to the MSSM with only one pair of (H u , H d ). We will call this phenomenon doublet-doublet splitting. The simplest way to achieve this is by a fine tuning of the parameters of the superpotential (3) involving the φ 1 and φ 2 fields-i.e. µ ij .
To make this explicit, consider the part of the superpotential:
where the symbols a, b go over 1,2. This leads to the following superpotential in terms of the standard model doublets:
Now it is clear that, if the parameters µ ab are so chosen that we have µ 11 µ 22 −µ 2 12 = 0 and that each µ ij are of order v R , then below the scale v R , the model has only two standard model doublets as in MSSM. The surviving doublets are then linear combinations of the of the original four doublets in the theory. If however one wanted "pure" doublets surviving below the v R scale (such as say, H u1 and H d2 ) then one can use the superpotential of following type:
In this case fine tuning of the parameters λ 12 v 2 R /M P l + µ 12 = 0 leaves the pure low energy doublets H u2 and H d1 . 
